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We model the exchange bias effect in thin cylindrical nanowires composed of a ferromagnetic core and an
antiferromagnetic shell implementing a classical spin Hamiltonian and Monte Carlo simulations. We address
systematically the effect of shell polycrystallinity on the characteristic fields of the isothermal hysteresis loop
(coercivity, exchange-bias) and their angular dependence upon the direction of the applied / cooling field. We
relate the observed trends to modifications of the underlying magnetization reversal mechanism. We fit our
simulation results to an extended Stoner-Wohlfarth model with effective off-axis unidirectional anisotropy and
demonstrate that shell polycrystallinity could lead to maximum exchange bias effect in an off-axis direction.
Our results are in qualitative agreement with recent experimental studies of Co/CoO nanowires.
PACS numbers: 75.60.Jk; 75.75.Jn; 75.75.Fk; 75.78.Fg
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I. INTRODUCTION
Tailoring the magnetic properties at the nanoscale has at-
tracted great research interest in recent years, due to the
plethora of prospective applications1. Advances in template-
assisted electrodeposition2 enhanced substantially the re-
search effort in quasi-one dimensional nanostructures, such
as nanowires and nanotubes. These systems are characterized
by enhanced shape anisotropy, which renders them prominent
candidate materials for advanced technologies ranging from
magnetic recording3 to biomedicine4,5. On the other hand, the
quasi-one dimensional geometry is ideal for efficient manipu-
lation of magnetic solitonic excitations, such as domain walls,
with potential applications to 3D magnetic memory6. The
magnetization reversal process lies in the heart of research
related to magnetic nanowires. Their quasi one-dimensional
shape leads to a complex reversal mechanism, consisted of do-
main wall (DW) nucleation, propagation and annihilation2,3,7.
Furthermore, it has been demonstrated that the magnetiza-
tion reversal mechanism and concomitant anisotropy can be
tailored by alloying8, by periodic chemical modulation as in
multisegmented nanowires9 and by morphological modula-
tions, as in diamater-modulated nanowires10.
In an alternative route to tailoring of the magnetic
anisotropy of magnetic nanostructures, the exchange bias
(EB) effect11,12 has been extensively studied in nanostructures
with a ferromagnetic (FM) core - antiferromagnetic (AF) shell
morphology13,14. Hysteresis loops of such systems exhibit a
characteristic shift after been field-cooled, usually accompa-
nied by magnetic hardening. Materials presenting these prop-
erties are currently implemented in spintronics applications,
like spin-valves and magnetic tunnel junctions15. Elongated
nanostructures such as nanowires16–18 and nanotubes19,20 with
FM core - AF shell morphology have also been experimen-
tally investigated showing exchange-bias and the accompany-
ing effects. Maurer et al16 compared the hysteresis properties
of cylindrical Co and Co/CoO nanowires and demonstrated
the suppression of the coercive field due to surface oxidation
as well as an anomalous temperature dependence, which was
attributed to the thermal fluctuations of the oxide shell. In a
search for optimum applied field direction for enhancement
of the EB effect, Tripathy et al17 investigated the angular de-
pendence of the EB field of lithographically grown Co/CoO
nanowires and demonstrated the increase of the EB field in
off-axis directions due to competing unidirectional and uni-
axial (shape) anisotropies. Gandha et al18 reported giant EB
effect in electodeposited Co/CoO nanowires with monocrys-
talline core and polycrystalline shell and enhancement of the
EB effect in an off-axis direction relative to the nanowire axis.
Due to the crucial role played by the FM-AF interface spin
structure in the EB effect13 a realistic description of the struc-
ture and dynamics of the AF layer is necessary. In a previous
work21, we studied uniaxial FM core/AF shell nanowires in
order to study the impact of the AF shell on the loop char-
acteristics and in the magnetization reversal mechanism. We
showed that the interface exchange coupling produces a weak
exchange-bias field and a suppression of coercivity relative to
the bare FM nanowire. This behavior was attributed to the
presence of unsatisfied FM-AF interface bonds that act as a
sequence of nucleation centers leading to a secondary reversal
mechanism that acts in synergy to domain wall propagation
and eventually to mobility enhancement. However, Co/CoO
nanowires prepared by surface oxidation of electodeposited
Co nanowires develop a polycrystalline shell18.
The effect of shell granularity in FM/AF bilayers has been
recently studied experimentally22 for Co/CoO bilayers and it
was shown to cause enhancement of the EB field. However,
to the best of our knowledge, a study of the effect of shell
granularity on the the coercivity, the EB field and their angular
dependence in the case of FM-AF core-shell nanowires has
not been addressed yet.
In the present work, we implement the Monte Carlo method
to study the effects of shell granularity on the EB behavior of
cylindrical nanowires composed of a monocrystalline Co core
2and polycrystalline CoO shell. Shell granularity is shown to
soften the magnetic anisotropy of the shell leading to enhance-
ment of coercivity and suppression of the EB field. Addition-
ally, shell granularity is shown to produce a monotonous drop
of the coercive field and a non-monotonous drop of the EB
field. The appearance of an optimum EB value is interpreted
as an effective off-axis uniaxial anisotropy in the framework
of a mesoscopic Stoner-Wohlfarth (SW) model. Finally, we
compare our model predictions to recently reported measure-
ments of the EB effect in Co/CoO nanowires18.
II. MODEL AND SIMULATION METHOD
Nanowires are generated by cutting a cylinder along the z-
axis with radiusR and lengthL from an auxiliary simple cubic
lattice with constant a. For the core-shell morphology we de-
fine an internal homoaxial cylinderwith radiusRc = R−t and
length Lc = L− t , where t is the shell thickness. We approx-
imate the shell polycrystallinity (granularity) by dividing the
shell inNz cylindrical slices along the z-axis and each slice in
Nφ circular sectors. Thus, the shell is divided in Ng = NzNφ
identical crystallites (grains) with width wg = L/Nz, as
seen in Fig. 1. The total energy of the magnetic system is
E =
∑
i Ei, where the single-site energy term reads
Ei = −
1
2
Ŝi ·
∑
<j>
Jij Ŝj −Ki(Ŝi · êi)
2
−H(Ŝi · Ĥ)−
1
2
gŜi ·
∑
j
Dij · Ŝj . (1)
In Eq. 1, hats indicate unit vectors and bold symbols 3×3ma-
trices in Cartesian coordinates. The 1/2 prefactor in the first
and fourth terms in Eq. 1 accounts for the double-counting
of the energy contribution from each site-pair (bond). The
first term in Eq. 1 is the exchange energy between first near-
est neighbors (1nn) sites. The exchange constant Jij takes the
values JFM , JAF and Jint depending on whether sites i and
j belong to the FM, the AF or the interface region, respec-
tively. The latter contains the sites of the core (shell) having
exchange bonds with sites in the shell (core). For 1nn ex-
change couplings, the interface region has width 2a and con-
sists of the core-interface layer and the shell-interface layer.
The second term in Eq. 1 is the uniaxial anisotropy energy.
The easy axes êi of the core sites are taken along the cylinder
axis. Shell sites belonging to the same grain have a common
easy axis, which, however, varies at random between differ-
ent grains. The anisotropy constantKi takes the valuesKFM
andKAF depending on the location of site i. The third term in
Eq. 1 is the Zeeman energy due to the applied fieldH and the
fourth term is the dipolar energy with strength g. For compu-
tational efficiency, the dipolar energy term is treated in an em-
bedded cluster approximation with a cluster radius r0 = 3a
21.
To observe the EB effect the nanowires are field-cooled
(FC) from a high temperature (T >> Tc) to a low tempera-
ture (T << TN ) under a field well below the saturation value
of the AF phase (Hcool << Hsat). At the end of the FC pro-
cess the external field is swept (−Hcool ≤ H ≤ +Hcool) at a
x
z
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FIG. 1: (Color online) Cutting planes (top) and shell cross sections
(bottom) of cylindrical core/shell nanowires with Rc = 5a, Lc =
50a and tsh = 3a. The nanowire shell is (a) monocrystalline and (b)
polycrystalline with Ng = 60 (Nz = 10, Nφ = 6) grains of width
wg ≈ 5.6a.
constant rate to obtain the isothermal hysteresis loop. The
effective coercivity of the system is then defined as Hc =
|Hc1 − Hc2|/2 and the EB field as Heb = |Hc1 + Hc2|/2,
where Hc1 and Hc2 are the coercive fields corresponding to
the descending (ie. against the cooling field direction) and the
ascending branch of the loop, respectively.
The FC process is simulated using the Metropolis Monte
Carlo algorithm with single-spin updates and a temperature-
dependent spin-cone aperture that accelerates the approach to
equilibrium23 . The isothermal hysteresis is simulated us-
ing the same algorithm, but with a fixed spin-cone aperture
(θs ≈ 3
◦) Thermal relaxation at each (H,T )-point is done
with 5 · 103 Monte Carlo steps per spin (MCSS) for thermal-
ization followed by 104 MCSS for calculations of thermody-
namic quantities. The latter are calculated every 10 MCSS to
minimize statistical correlations of the sampling points. The
results at each (H,T )-point are averaged over 20 − 40 inde-
pendent relaxation sequences. For systems with structural dis-
order, as the nanowires with granular shells, an average over
30− 50 samples with different realizations of disorder is per-
formed.
In Eq. 1 we use dimensionless energy parameters scaled
by JFM , which is arbitrarily taken as JFM = 10, and
JAF /JFM = -0.5, Jint/JFM = -0.5, KFM/JFM =
30.1, KAF /JFM = 1.0 and g = 0.05/JFM . These pa-
rameters capture the main features of the Co/CoO exchange
coupled system as previous studies of oxide-coated cobalt
nanoparticles14,24 and nanowires21 have shown. Temperature
T and the magnetic field strength H are measured in units
of JFM . Field-cooling is performed from high temperature
TH = 2.00JFM to low temperature TL = 0.01JFM un-
der an applied field H = 4.0JFM with constant cooling rate
rT = 10
−5JFM/MCSS. The field sweep rate is also kept
constant at rH = 10
−5JFM/MCSS to exclude variation of
results with sampling time.
III. RESULTS AND DISCUSSION
A. Isothermal hysteresis loops
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FIG. 2: (Color online) Isothermal hysteresis loops of FM/AF
nanowires of the same nominal size and different number of shell
grains. Squares (black): monocrystalline shell (Ng = 1). Circles
(red): polycrystalline shell (Ng = 60). Triangles (blue): random
shell (Ng = 7098). Stars (green): random frozen shell. Other pa-
rameters as in Table I.
We study first the macroscopic magnetic behavior of the
nanowires, by calculating the low-temperature hysteresis
loops and the characteristic fields of the loop, namely the co-
ercivity (Hc) and the exchange-bias (Heb), when the cool-
ing and reversing fields are applied along the cylinder axis
(z-axis). Different structural models of the AF shell are con-
sidered, as summarized in Table I. In the limiting case of a
monocrystalline shell (MS) a single shell grain (Ng = 1) ex-
ists, while in the other extreme case of a random shell (RS)
each shell grain contains a single site (Ng = 7098). In the
intermediate case of a polycrystalline shell (PS-60), the shell
contains (Ng = 60) grains. Correspondingly, the size of the
shell grains is maximum in the monocrystalline sample and
minimum in the random sample.
In Fig. 2 we compare the loops of nanowires with the same
length, diameter and shell thickness, but different degree of
shell crystallinity. The loop of a random shell with frozen
TABLE I: Structural parameters and results for core-shell nanowires
with Rc = 5a, Lc = 50a, tsh = 3a.
System wg/a Hc Heb MAF,int µ
MS 56.0 1.82 -0.14 0.015 0.0140
PS-60 5.6 2.30 -0.11 0.052 0.0120
RS 1.0 2.54 -0.10 0.054 0.0085
RSf 1.0 2.18 -0.49 0.054 0.0099
wg=shell grain size;MAF,int=shell-interface magnetization (per
spin) at the FC state; µ=domain wall mobility (a/MCSS);
spins (RSf) during field sweep is also included. A clear hori-
zontal shift of the loops is observed in all samples as the out-
come of the FC process. An overall feature seen is the gradual
shearing of the loop as the size of the grains decreases, which
is related to the fact that in nanowires with many grains and
many easy axes in the shell, there exists a wider distribution of
energy barriers to the reversal of the core interface moments.
Furthermore, it becomes clear by simple inspection of Fig. 2
that the loops widen while their shift decreases with decreas-
ing grain size, which directly implies an increase of coerciv-
ity and decrease of the exchange-bias field in nanowires with
small grains. Our numerical results forHc andHeb for differ-
ent structural models used in the present work are summarized
in Table I.
The physical origin of the observed dependence of Hc and
Heb on the grain size can be attributed to two distinct physical
factors, namely the response of the shell-interface magneti-
zation (MAF,int) to the applied field and the actual value of
MAF,int at the FC state.
To explain this point further, we show first in Fig. 3 the
magnetization of the shell-interface layer as the applied field
is swept. The observed expansion of the hysteresis loop with
decreasing grain size indicates that the shell-interface spins
are dragged by the core spins, via their mutual exchange cou-
pling (Jint). The magnetization drag mechanism becomes
more efficient as the size of the grains decreases. The ex-
clusive impact of the drag mechanism on Hc and Heb can be
deduced by comparison of the RS and the RSf nanowires that
have identical AF spin structures at the FC state (i.e. MAF,int
values), but for the latter the shell moments are held frozen in
their FC directions during the field sweep. As seen in Table I
for these nanowires,Hc is suppressed andHeb is dramatically
enhanced when the magnetization drag is switched off.
Second, the role ofMAF,int is revealed if one compares the
MS and RSf nanowires, that have very different FC states (see
Fig. 4), however, for both these systems the shell-interface
moments remain frozen during field sweep. In the case of the
MS nanowire, freezing of the shell-interface moments is dic-
tated by the strong uniaxial anisotropy of the AF shell, as can
be deduced from the insensitivity of shell magnetization to the
applied field (Fig. 3). For RSf nanowires the shell moments
are kept frozen during the simulation. The relative data in
Table I show increased value of MAF,int for the RSf system
which is accompanied by enhancement of both Hc and Heb.
We mention that this result is in accordance to the predictions
of the Meiklejohn-Bean model that the bias-field varies lin-
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FIG. 3: (Color online) Isothermal hysteresis loop of the shell inter-
face layer, showing enhancement of AF drag effect with decreasing
shell grain size. Structural parameters as in Fig.2
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FIG. 4: Dependence of the shell interface magnetization at the FC
state on the shell grain size. Dashed line is a guide to the eye. Struc-
tural parameters as in Table I.
early with the AF moment25. Overall, we conclude that the
AF magnetization drag effect and the net interface moment
of the AF shellMAF,int act in synergy to enhance Hc, while
they act in competition to suppressHeb.
In Fig. 5 we show the dependence of the characteristic fields
on grain size. In all cases the central angle of the grains is kept
constant (φ ≈ 60◦) and only the width of the grains varies.
We consider this is a reasonable approximation, because the
nanowires studied here are thin and support transverse walls
with almost coherent in-plane spin structure21. Thus, further
reduction of the grain angle, leading to increase ofNφ values,
did not modify our results. A systematic trend is seen in all
cases, namely as the grain size is reduced, Hc increases and
Heb decreases. This trend can be understood in the frame-
work of the random anisotropy model26, where reduction of
the grain size leads to an effective anisotropy of the AF shell
that is an average value over several grains within the range
of the exchange correlation length and thus reduced in magni-
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FIG. 5: (Color online) Dependence of coercivity and exchange bias
field on shell grain size. Dashed lines are guides to the eye. Structural
parameters as in Table I.
tude. The gradual magnetic ”softening” of the AF shell with
decreasing grain size, enhances the magnetization drag of the
interface moments and cases the observed behavior ofHc and
Heb.
B. Magnetization reversal mechanism
We discuss next, the impact of shell polycrystallinity on the
underlying magnetization reversal mechanism. It is well es-
tablished that magnetization reversal in FM nanowires pro-
ceeds by propagation and annihilation of a pair of domain
walls that nucleate at the two free ends of the nanowire2,27,28.
The coupling to an AF shell modifies the reversal mecha-
nism, as previous experimental16 and numerical works have
demonstrated16,21. In FM/AF nanowires with a monocrys-
talline shell, the unsatisfied bonds at the interface act as nu-
cleation centers of a secondary magnetization reversal mecha-
nism, which in synergy to the domain wall propagation accel-
erate the reversal of the core magnetization21. This behavior
is seen in Fig. 6a as a lowering of the core magnetization in
the central region between the two domain walls. As one can
readily observe in Fig. 6, this secondary mechanism is absent
in the PS and the RS nanowires, where reversal proceeds by
clear domain wall propagation. The reason for disappearance
of the secondary mechanism is the effective magnetic soften-
ing of the shell magnetization in the PS and RS nanowires,
which no longer acts as a collection of nucleation centers for
magnetization reversal. The magnetic softening of the shell
interface magnetization results in lower domain wall veloci-
ties in the core, as seen in Fig. 7 and also by comparison of do-
main wall mobility values for theMS, PS and RS nanowires in
Table I. The contribution of the shell-interface magnetization
MAF,int in the modification of the wall velocities and mobil-
ity can be also deduced from Fig.7. The RSf nanowire that
has higherMAF,int value than the MS nanowire (see Fig. 4),
exhibits a lower mobiltity. On a microscopic level, this trend
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FIG. 6: (Color online) Time-evolution of magnetization profile un-
der application of a reverse field H = −4.0 of nanowires with dif-
ferent shell granularity. Snapshots are taken every ∆t=200 MCSS
starting at t0=200 MCSS. Horizontal arrows indicate the propagation
direction of the domain walls. Structural parameters as in Table I.
is explained as the number of satisfied interface bonds is sub-
stantially higher for the RSf nanowire. These bonds being
in their lowest energy state oppose their reversal under the
applied field, acting as soft pinning centers for domain wall
propagation.
Thus, drag of the AF interface moments and increased
MAF,int magnitude due to polycrystallinity are the two fac-
tors acting in synergy to suppress the domain wall mobility in
polycrystalline samples. A systematic decrease of wall mobil-
ity with decreasing grain size is shown in Fig. 8.
C. Angular dependence of Hc and Heb
In the present section, we study the changes introduced
in the hysteresis behavior of core-shell nanowires, when the
cooling field and the reversing field both lie at an angle φH
with respect to the nanowire axis. In Fig. 9 we show the
angular dependence of the hysteresis loop for samples with
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FIG. 7: (Color online) Field-dependence of DW velocity in
nanowires with different shell granularity. Straight lines are linear
fit to the data showing a drop of the DW mobility (slope) with in-
creasing shell granularity. Mobility values are reported in Table I.
Structural parameters as in Table I.
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FIG. 8: (Color online) Dependence of DW mobility on shell grain
size. Arrows indicate the structural models reported in Table I.
Dashed line is a guide to the eye. Other parameters: Rc = 5a, tsh =
3a, Lc = 50a and T = 0.01JFM .
monocrystalline and polycrystalline shells.
As the field angle relative to the nanowire axis increases,
a gradual shrinking and tilting of the loop is observed, as
both the crystallographic and shape anisotropies lie along the
nanowire axis. Shell granularity does not change this trend.
Analysis of the hysteresis loops at different field angles pro-
vides the angular dependence of the coercivity and EB shown
in Fig. 10. A monotonous decrease of Hc with field angle is
seen for monocrystalline and granular samples. However, the
polycrystalline and random samples exhibit higher coercivity
values than the monocrystalline sample at all angles. This
behavior is due to AF drag effect, discussed previously (see
Fig. 4).
A more complex behavior is seen in Fig. 10b in the an-
gular dependence of Heb. In particular, the monocrystalline
6-0.4
-0.2
0.0
0.2
0.4
-4 -3 -2 -1 0 1 2 3 4
-0.4
-0.2
0.0
0.2
0.4
   H
 0o
 20o
 40o
 60o
 80o
 
M
z /
 M
s
 MS
 PS-60
 
M
z /
 M
s
H
FIG. 9: (Color online) Angular dependence of hysteresis loops of
nanowires with monocrystalline shell (upper panel) and polycrys-
talline shell (lower panel). Parameters as in Table I.
nanowire exhibits a weak increase ofHeb at small angles with
a broad peak around φb ≈ 10
◦. This peak is attributed to the
competition between two distinct factors, namely, the suscep-
tibility of the AF shell and the projection of the bias field on
the applied field direction. First, we mention that the AF shell
of the MS nanowire is a hard antiferromagnet with anisotropy
along the z-axis. So, the susceptibility of the shell increases
when the field angle changes from the parallel to the normal
direction and consequently, the shell interface magnetization
(MAF,int) increases too when the cooling field rotates with re-
spect to the z-axis. Indeed, a linear fitMAF,int ∼M0 + λφb,
is seen in Fig. 10c. Second, for fixed shell interface magneti-
zation, the bias field decreases as Heb ∼ cosφH according to
the Meiklejohn-Bean description of the EB effect25. Thus, an
overall dependenceHeb ∼ (M0+λφH) ·cos(φH ) is expected
for the MS nanowire, which is characterized by an optimum
field angle for maximum Heb values. The optimum angle is
φmax ∼ 10
◦ within our model for the MS nanowire. When
shell granularity is present, as in PS and RS nanowires, the
shell becomes magnetically softer and the Heb values drop.
Furthermore, due to the random distribution of the easy axes
of the shell grains, the susceptibility of the AF shell becomes
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FIG. 10: (Color online) Angular dependence of (a) coercivity and
(b) exchange bias field for different structural models described in
Table I. The solid line is a Stoner-Wohlfarth model fitted to the sim-
ulated data with parameters k = 3.5, kR = 0.2 and hb = 0.11 and
φb = 5
◦. Error bars, when not indicated, are of the size of the marks.
Inset to (b) is the enlarged angular region around the sharp peak of
Heb for the polycrystalline sample. (c) Linear dependence of the AF-
interface magnetization (MAF,int) of the monocrystalline nanowire
(MS) on the angle of the applied field.
isotropic and the broad peak of Heb at ∼ 10
◦ vanishes. How-
ever, a sharp but weak increase of Heb is seen for the poly-
crystalline sample for slightly off-axis directions. This behav-
ior, despite being weak within our model is well understood
within an effective SW model to be discussed next.
7D. Effective Stoner Wohlfarth model
In this section, we fit our simulation results to an effective
SW model. We define the SW model in dimensionless units,
as follows:
e(φ) = −
1
2
· k · cos2(φ)− h · cos(φ − φH)
−hb · cos(φ− φb)−
1
2
· kR · cos
2(φ − φH) (2)
where k is the anisotropy of the FM assumed along the z-
axis, h is the applied field at an angle φH , hb the bias field
at an angle φb and kR is an effective anisotropy that ac-
counts for the coercivity enhancement due to drag of the
AF interface moments29. We obtain the values of the di-
mensionless parameters in Eq. 2 from the simulation results
(Fig. 10), as follows29: kR =
1
2H
(mc)
c /K
(mc)
FM − 1 ≈ 0.2 and
hb = H
(mc)
eb ≈ 0.11, where the superscript (mc) denotes val-
ues related to our Monte Carlo simulations. The anisotropy
k is not fitted to the coercivity value29, but is treated as an
adjustable parameter. This is because the coherent rotation
mechanism, inherent to the SW model, overestimates the co-
ercivity for an applied field along the easy axis. The angle
φb is also treated as an adjustable parameter. We perform nu-
merical minimization of Eq. 2, leading for each h value to
one (reversible part) or two (irreversible part) extreme points
that correspond to the equilibrium magnetization value(s). In
Fig. 10a,b we compare the results of the SWmodel for the an-
gular dependence ofHc andHeb with the Monte Carlo data.
We find that theMonte Carlo simulation data for the angular
dependence ofHeb andHc can be satisfactorily described by a
SWmodel with an effective off-axis unidirectional anisotropy
making an angle φb ∼ 5
◦ with the nanowire axis. As previ-
ously, reported in the case of FM/Af bilayers, an effective off-
axis anisotropy arises from the frustration of the AF interface
moments due to interface roughness29. In the case of core-
shell nanowires studied here, the source of magnetic frustra-
tion is the anisotropy disorder occurring at the core-shell in-
terface due to shell granularity.
As a final remark, we discuss briefly recent experiments
on electrodeposited Co/CoO nanowires18, which showed gi-
ant exchange bias and an effective off-axis unidirectional
anisotropy at a large angle (φb ∼ 30
◦) leading to an increase
of the bias field by ∼ 20% when the cooling field is applied
at φH ∼ 30
◦ relative to the wire axis. Our simulations for
Co/CoO nanowires, reproduce a similar trend, namely the ap-
pearance of an off-axis (φb ∼ 5
◦) anisotropy and a weak in-
crease of the bias field (∼ 10%) for a field applied at φH ∼ 1
◦
relative to the nanowire axis. Most importantly, the simula-
tions point to the shell polycrystallinity as a source of gener-
ating effective off-axis anisotropy and optimum field direc-
tions for maximizing the EB effect in magnetic core-shell
nanowires. However, the quantitative discrepancy between
our simulations results and the experimental findings18 we be-
lieve that is caused by the relative stronger bias effect in these
samples, which most probably stems from atomic scale details
of the interface structure leading to strong uncompensation, as
for example, crystallographic orientation, interface roughness,
alloying, etc, which are not considered in the present model.
IV. SUMMARY
We have studied the isothermal magnetic hysteresis of
cylindrical Co/CoO nanowires with core-shell morphology
using a classical spin model and Monte Carlo simulations.
We have demonstrated that polycrystallinity of the CoO
shell causes enhancement of coercivity and suppression of
exchange-bias field relative to the monocrystalline shell. This
behavior is mainly attributed to enhanced drag of the AF inter-
face spins during reversal of the core spins. The same mecha-
nism is responsible for reduction of domainwall mobility. Ad-
ditionally, Co/CoO nanowires with monocrystalline shell, ex-
hibit a weak (≈ 10%) increase of their bias field when the re-
versing field is applied at a small angle (≈ 10◦) relative to the
nanowire axis. On the other hand, shell granularity introduces
an effective off-axis (φb ∼ 1
◦) unidirectional anisotropy due
to frustration of the shell interface spins, leading to weak in-
crease (∼ 10%) of the bias field in an off-axis direction. Our
results are in qualitative agreement with recent experimental
observations in Co/CoO nanowires18, and point to shell poly-
crystallinity as a source of generating off-axis unidirectional
anisotropy in FM core - AF shell nanowires and exchange bias
enhancement in off-axis directions.
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